The transient interactions of respiratory cytochrome c with complexes III and IV is herein investigated by using heterologous proteins, namely human cytochrome c, the soluble domain of plant cytochrome c 1 and bovine cytochrome c oxidase. The binding molecular mechanisms of the resulting cross-complexes have been analyzed by Nuclear Magnetic Resonance and Isothermal Titration Calorimetry. Our data reveal that the two cytochrome c-involving adducts possess a 2:1 stoichiometry -that is, two cytochrome c molecules per adduct -at low ionic strength. We conclude that such extra binding sites at the surfaces of complexes III and IV can facilitate the turnover and sliding of cytochrome c molecules and, therefore, the electron transfer within respiratory supercomplexes.
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Highlights:
· Plant cytochrome c 1 , at its two binding sites, recognizes human cytochrome c.
· Docking of human cytochrome c at plant cytochrome c 1 is electrostatically driven.
· Cytochrome c oxidase can likewise house two molecules of cytochrome c.
· Extra binding sites for cytochrome c can facilitate its sliding in supercomplexes.
Introduction
The study of heterologous complexes, also known as cross-complexes, is a widely accepted approach to get insight into the binding mode of interprotein complexes [34] [35] . To provide further insight into the nature of the interactions between Cc and Cc 1 , we analyze here the cross-complex between human Cc (hCc) and pCc 1 , and compare it with the natural pCc-pCc 1 complex in plants in terms of binding affinity, specificity and dynamics. Actually, the turnover number for reduction of mammalian Cc by potato Cbc 1 is similar than that for the mammalian Cc-Cbc 1 system [28] . As there are substantial differences in the electrostatic potential surface of pCc and hCc, the analysis of the hCc-pCc 1 complex is a very useful approach to better understand the Cc-Cc 1 binding mode. In fact, the major differences between the two Cc orthologs are at their respective surfaces in contact with pCc 1 (Figure 1 ). Given the relevance of electrostatics in Cc-Cc 1 complexes, the ionic-strength dependence of the binding event has also been addressed, so revealing a crucial role in both the binding affinity between the partners and the definition of the binding sites on the pCc 1 surface. In addition, the hCc-pCc 1 interaction has been compared with that between hCc and bovine CcO. Notably, Cc also interacts with two binding sites on CcO. Altogether, our data provide a better comprehension of the molecular recognition processes involved in mitochondrial respiration.
evaluate the oligomerization state of the CcO at the protein concentration used in ITC titrations, in which CcO was predominantly monomeric (75%). DLS experiments were conducted at 25 ºC in a Zetasizer Nano ZS (Malvern).
NMR measurements
NMR assignments of the 15 N and 1 H nuclei of reduced hCc (hCc red , BMRB accession number 5406) were taken from a previous work [44] .
NMR titrations of 100 mM of California, San Francisco). CSP titration curves were analyzed using one-site and twosite binding models, as previously described [29] .
Additionally, 6 in 10 mM sodium phosphate buffer pH 7.4 in the absence and in the presence of additional 50 and 100 mM NaCl into the sample cell, initially containing a 20 mM pCc 1red solution in the same buffer. A titration was also carried out with the oxidized forms of hCc and pCc 1 in 10 mM sodium phosphate buffer pH 7.4 in the absence of additional NaCl. Besides, a titration of reduced CcO (CcO red , 3.85 mM) with hCc red (0.10 mM) was performed in 10 mM sodium phosphate pH 7.4 containing 0.2% n-Dodecyl-b-maltoside and 5 mM sodium dithionite. All solutions were degassed before titrations. Titrant was injected at appropriate time intervals to ensure that the thermal power signal returned to the baseline prior to the next injection. To achieve homogeneous mixing in the cell, the stirring speed was kept constant at 1,000 rpm. The data, specifically the heat per injection normalized per mol of injectant versus molar ratio, were analyzed with Origin 7 (OriginLab) using one-site and two-site binding models [45] . Calibration and performance tests of the calorimeter were carried out conducting Ca +2 -EDTA titrations with solutions provided by the manufacturer.
Results and Discussion
The heterologous hCc-pCc 1 complex
The cross complex was first studied by NMR. show that few residues have Dd avg larger than 0.075 ppm, namely Gln16, Ala50, Ala51, Lys72, Gly77, Ile81 and Lys86. These residues are surrounding the heme crevice and constitute the interaction surface (Figure 2c ), which is very well-conserved among complexes involving c-type cytochromes [14, 29, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . In addition, significant CSP are detected (Dd avg ≥ 0.05 ppm) for Lys7, Lys13, Val20, Ser47, Lys73, Val83, Lys88 and Ala92. Interestingly, Lys8, Lys13, Lys27, Lys72, Lys86 and Lys87 are all in contact with pCc 1 , as previously reported in chemical modification studies and molecular dynamics simulations [56] [57] [58] .
When compared with pCc upon binding to pCc 1 [29] , the map of CSP on the hCc surface differs at the level of those residues located far from the heme cleft. In particular, the hydrophobic patch containing Ile11 was not affected in hCc, whereas two basic regions of hCc were substantially perturbed (Figure 2c ). These regions comprise many charged residues, such as Lys25, Lys27, Lys86, Lys88 and Arg91. The observed differences in the binding surface, of the two Cc molecules correlated well with the differences in the electrostatic potential maps and the sequence alignments of both Cc species shown in Figure 1 and Figure S1 . Notably, several amino acid changes (Lys39 by Gln, Pro167 by Lys and Thr171 by Asp) modify the charge configuration at the proximal binding site of hCc 1 with respect to that of pCc 1. Still, these differences seem not to affect the affinity between the partners (see below). This suggests a higher contribution of the electrostatic forces in the cross complex, which can modulate the specificity and dynamics of the interaction. On the other hand, the differences in the electrostatic potential surfaces and sequences of hCc and pCc might be correlated with the sequence differences found at the proximal site of hCc 1 and pCc 1 ( Figure S1 ), insofar as the ET may be optimum within the physiological complexes [59, 60] . In addition, Lys27, which is involved in the binding of hCc to Apaf-1 to trigger programed cell death [39] , was affected in the cross-complex but not in the pCc-pCc 1 complex (Lys35 in pCc).
The CSP binding curves consistently fitted to a 2:1 binding model assuming two independent sites on pCc 1 with distinct affinities (Figure 2d and Figure S2a ). The R Figure 3 and Table 1 , data are consistent with a first site for tight binding and another site for a weaker, more transient interaction, in agreement with a previous report [29] . Notably, the redox state of the hemeproteins hardly affected the observed affinities. 
Ionic strength dependence on the hCc-pCc 1 interaction
Given the relevance of electrostatic forces in transient interactions [61] [62] [63] [64] Figure S5 ). The affinity is smaller than that obtained for both the proximal and distal sites at low ionic strength (11 and 54 mM, respectively). There was also an increase in the enthalpic contribution at 100 mM NaCl in comparison with the titration performed at low ionic strength. This finding can be attributed to the lower electrostatic attraction between the two partners at higher ionic strength.
The salt titrations thus revealed that a single binding site for hCc on the pCc 1 surface remains populated enough to be detected by CSP at high ionic strength. Actually, the crystal structure of the yeast Cc-Cbc 1 complex shows a single binding site for Cc, as it was solved at an ionic strength of ca. 120 mM [30] . Given the negative charge of the distal site of pCc 1 and its weak affinity for Cc at low ionic strength [29] , we can assume that it is the proximal site which remains at high ionic strength although its binding affinity decreases along NaCl titration. On the other hand, the distal site may remain as a local minimum of the interaction path, forming part of the encounter ensemble or showing a highly dynamic behavior. Like in analogous ET complexes in photosynthesis, CSP may be insensitive enough to describe the whole ensemble [54, 65] , so further work will be required to display these features.
Interaction between hCc and bovine CcO
Kinetic-based models have proposed the existence of alternative, non-productive binding sites for horse Cc in bovine CcO [26, 27] . Recently, the surface residues of hCc contacting bovine CcO have been mapped by NMR [52] . However, no evidences on the stoichiometry and binding affinity of the Cc-CcO complex were elucidated by NMR.
Direct binding studies performed by gel filtration between several mammalian Cc and bovine CcO evidenced a 2:1 stoichiometry, in which Cc binds to a first site with a dissociation constant in the nanomolar range and to a second site with less affinity [66] .
Hence, we performed ITC titration experiments to compare its binding mode with that of the hCc-pCc 1 interaction and to confirm the stoichiometry of the hCc-CcO complex in equilibrium conditions.
Our experimental data using hCc and bovine CcO accurately fit to a model of two independent binding sites with distinct affinity values for hCc on CcO at low ionic strength, being the K D1 equal to 30 nM and the K D2 equal to 0.30 mM (Figure 4 ). c The presence of additional binding sites for Cc in both pCc 1 and CcO could open new perspectives on the mitochondrial electron transport chain, where membrane respiratory complexes can be either in independent, free diffusional motion or forming macromolecular assemblies, the so-called supercomplexes [3] . In this context, such new binding sites for Cc on the surface of its physiological counterparts, Cbc 1 and CcO, could facilitate the turnover and sliding mechanisms of Cc molecules in plant and mammalian supercomplexes ( Figure 5 ) [29, 32, 55] . Indeed, the accommodation of several Cc molecules between Cbc 1 and CcO in supercomplexes could provide a path for Cc diffusion from Cbc 1 to CcO. That diffusion path might have physiological significance in the electron flow, which is controlled in supercomplexes to optimize the use of available substrates [68] . The existence of extra binding sites could also be useful just to attract Cc molecules near its ET binding domains. 
